
EARTH SURFACE PROCESSES AND LANDFORMS
Earth Surf. Process. Landforms (2012)
Copyright © 2012 John Wiley & Sons, Ltd.
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/esp.3200
Bed evolution measurement with flowing water in
morphodynamics experiments
Francesco Visconti,1* Luana Stefanon,2 Carlo Camporeale,1 Francesca Susin,2 Luca Ridolfi1 and Stefano Lanzoni2
1 Dipartimento di Idraulica, Trasporti e Infrastrutture Civili, Politecnico di Torino, Turin, Italy
2 Dipartimento di Ingegneria Idraulica, Marittima, Ambientale e Geotecnica, Universitá di Padova, Padua, Italy

Received 14 February 2011; Revised 15 December 2011; Accepted 19 December 2011

*Correspondence to: FrancescoVisconti, Dipartimento di Idraulica, Trasporti e InfrastruttureCivili, Politecnico di Torino, corsoDuca degli Abruzzi 24, Turin, Italy. E-mail: francesco.
visconti@polito.it

ABSTRACT: A new approach for the profiling of movable sediment beds in laboratory experiments is presented. It couples a
triangulation laser sensor and an ultrasonic level transmitter, and allows a non-intrusive, fast and accurate measurement of bed
topography without stopping the experimental runs. The distortion of the laser beam due to the refraction at the water surface is
corrected by contemporaneously measuring the elevation of the water surface through the ultrasonic level transmitter and taking advan-
tage of geometrical relations involving the water depth, distance of the sensors from the water surface, and the angles that the emitted
laser beam forms with the vertical before and after refraction. Several tests, under either still- or flowing-water conditions, as well as
increasing/decreasing water surface elevation, were carried out to evaluate the accuracy of the measurements. These tests indicate that
good-quality measurements are obtained for flow depths in the range 0<D< 60 mm, typical of morphodynamic laboratory experi-
ments. Finally, two relevant applications to movable bed experiments carried out under either lagoonal or fluvial conditions are
presented that show the effectiveness of the proposed profiling technique. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

The interactions between an erodible boundary and a flow field
usually lead to complex and fascinating patterns such as those
observed in fluvial, coastal and lagoon environments or created
by the blowing of the wind in deserts (Allen, 1984; Garcia,
2008). Meandering planforms and sediment waves (ripples,
dunes and bars) typically occur both in fluvial and tidal environ-
ments, affecting significantly the structure of the flow field as well
as sediment fluxes, and hence bearing important theoretical
(Seminara, 2010), engineering (Thorne et al., 1997) and environ-
mental (e.g. Allen, 1984) consequences.
Morphodynamics aims at investigating the physical pro-

cesses generating the various landforms and shaping a given
landscape. The experimental approach is fundamental in these
investigations. Indeed, the morphological evolution of a
sediment bed through laboratory tests allows one to measure
the interactions between the water stream and the movable
boundary under controlled conditions, thus eliminating the
variations in external forcings usually characterizing real
environments. Another advantage of movable bed experi-
ments is the shortening of the evolutionary timescales: in a
few hours it is possible to observe morphological changes that
in nature develop over several years. Moreover, laboratory
models can provide useful information on strongly nonlinear
dynamics that can hardly be simulated by mathematical
models, because of the presence of rather different space
scales and timescales and the difficulties in describing
thoroughly turbulent flow fields. Finally, experimental results
are not as place sensitive as field studies, which usually
strongly depend on the specific studied environment.

The quality of data gathered from movable bed experiments
is strictly linked to the reliability and accuracy of the adopted
measuring systems. Several well-tested instruments and meth-
odologies are currently available for measuring the flow field
(e.g. particle image velocimetry, acoustic Doppler velocimetry)
as well as for bed profiling. In this latter case, however, it is
necessary to distinguish between instruments that can measure
bed topography with or without the presence of overlying
water. In fact, classical bed measurements are generally
performed after the removal of surface water. A number of
instruments can be used in this latter case, ranging from the
simple point gage to the sophisticated laser scanner or digital
photogrammetric techniques (e.g. Lane et al., 2001). The bed
profiling can be done at the end of the run (Friedkin, 1945) or
following a stop-and-go approach, i.e. stopping the run at
regular times, removing the water, and performing the
measures (Bertoldi and Tubino, 2005). Clearly, this approach
cannot be used when short-timescale bed changes have to be
captured: experiments should in fact be stopped at time inter-
vals that have the same order of magnitude as the bed deforma-
tion timescale. Therefore, when highly dynamic processes are
investigated, the experiments should be halted so frequently
that the reliability of the runs would be compromised. Con-
versely, servo-controlled profile indicators (e.g. Delft PV-09)
and, more recently, acoustic profilers and acoustic scanners
allow bed profiling also in the presence of water overlying the
bed (e.g. Lanzoni, 2000; Thorne and Hanes, 2002). These
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devices, however, must be submerged and hence can induce a
local scour that determines undesired bed fluctuations
unless the instrument is immersed in a sufficiently high water
depth. Since this condition does not always occur in laboratory
experiments – where flow depths are often of the order of a few
?<?A3B2 }skip centimeters (e.g. Schumm, 1972; Eaton and
Church, 2004; Braudrick et al., 2009) – these instruments, and
in particular acoustic devices, are generally used by stopping
the test and filling the experimental apparatus with still water
(Abad and Garcia, 2009). This operating mode clearly prevents
continuous bed profiling during a given test, especially in
the case of small-scale experiments. Furthermore, the sampling
frequency of servo-controlled profile indicators is determined
by the intrinsic limits of the mechanical system used to move
the bed profiler.
To overcome all these difficulties, a non-invasive measure-

ment technique has recently been proposed (Huang et al.,
2010). A color camera, coupled with a laser stripe, is used to
film the water flow after the release of a suitable amount of
dye. Even though this method has been found to yield accurate
results, it is limited to small-scale experiments and it has never
been applied to large flumes. Another profiling technique con-
sists of projecting through water a laser sheet and acquiring a
picture of the intersection of this sheet with the bed using a
camera. The bed profile is subsequently obtained by image
processing (Abad and Garcia, 2009). This methodology, how-
ever, allows the profiling of a single transect and requires care-
ful calibration. Finally, photogrammetric techniques can be
used to generate digital elevation models by photos taken
through the water stream (see Butler et al., 2002; Aberle et al.,
2009; Henning et al., 2009), but such methods can raise some
look-angle problems, as shown by Lane et al. (2001).
In this work we present a new non-intrusive methodology

developed to survey bed topography in laboratory tests char-
acterized by a movable sediment bed and relatively shallow
moving water (depths of order of a few centimeters). This meth-
odology has been successfully applied to measure the spatial
distribution of bed elevations in both tidal (Tesser et al., 2007a,
2007b; Stefanon et al., 2010) and fluvial (Visconti et al., 2010)
movable bed experiments. The proposed technique couples a
triangulation laser sensor and an ultrasonic level transmitter. Both
theoretical and calibrated corrections are determined, which
ensures a sub-millimetric accuracy in the working range of the
apparatus, corresponding to low water depth conditions. We
then propose a high-precision and low-cost profiling instrument
that fills a gap in the set of available profiling instruments.
The rest of the paper is organized as follows. In section 2 we

describe the experimental device and the related measuring
principles. The tests carried out to determine the calibration fac-
tors and the measurement accuracy are presented in section 3.
Section 4 discusses two successful applications of the proposed
profiling methodology to tidal and fluvial movable bed laboratory
experiments. Finally, section 5 reports some conclusive remarks.
Figure 1. Conceptual scheme of the classical principle of the triangu-
lation laser sensor used to measure the elevation of three different
points. The laser beams reflected by each of these points enclose the
angles θ1> θ2> θ3 with respect to the vertical and are collected on
the points P1, P2, and P3 by a detector array. A processor calculates
the distance of a given point from the laser sensor by the position Pj
of the reflected laser spot on the detector array, this position being
linked through geometrical correlations to the angle θj and, therefore,
to the distance of the point (the more distant a point from the laser
sensor, the lower is the angle θj). Schemenot to scale.
Measuring Principles

A mobile triangulation laser sensor coupled with an ultra-
sonic level transmitter are used to profile a sandy bed under
still or flowing water. When a single fluid (typically air) is
involved in the measurement, the distance of a given object
from the laser sensor is generally obtained by projecting the
laser beam to a target surface and by acquiring the reflected
beam (see Figure 1).
The axes of the emitted and the received beams enclose an

angle θ that changes if the target is shifted closer (θ increases)
or farther (θ decreases) with respect to the laser sensor. The
Copyright © 2012 John Wiley & Sons, Ltd.
angle θ is determined by the position of the refracted beam
on a charge coupled device (CCD) or on a complementary
metal oxide semiconductor (CMOS) array. The distance of the
target from the laser sensor is then easily obtained through
geometrical relations involving the angle θ.

The determination of the distance becomes more compli-
cated when two different fluids are involved in the measure-
ment, as in the case of a laser beam emitted in air and a
target located below a water surface. As depicted in Figure 2,
the laser beam, emitted in air at point A, crosses the water
surface orthogonally, penetrating into water until it reaches
the target (e.g. a point on a sandy bed) and is reflected, forming
an angle θr with respect to the emitted beam. This angle turns
into θi after the refraction of the returning beam induced by
the water–air interface according to Snell’s law. As a conse-
quence, the distance hm measured by the sensor on the basis
of the post-refraction angle θi must be corrected by an amount
c in order to obtain the correct distance H. This correction
depends on the water depth D and can be easily estimated
by coupling the triangulating lasermeasurementwithwater surface
sampling through an ultrasonic sensor. Denoting byM the distance
of this latter sensor from the water surface and by L the horizontal
distance from the emission (A) and receiving (B) points of the laser
beam, the correction c can be easily obtained as follows.

We first observe (see Figure 2) that the angle θi is given by

θi ¼ tan�1 L
hm

� �
(1)

The angle θr can be calculated recalling Snell’s law, �wsin(θr)=
�asin(θi), i.e.

θr ¼ sin�1 sinθi
�w
�a

 !
(2)
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Figure 2. Scheme of the operating principle of the triangulation laser
sensor and of the beam in its path through air and water. Radiation of a
semiconductor laser (1) is focused by a lens (2) on to a target surface.
Radiation reflected by this target surface is collected by a lens
(3) on to a linear CMOS array (4). A signal processor (5) calculates
the distance to the target from the position of the light spot on the
array (4). The emission and receiving point of the beam are marked
by the letters A and B, respectively. The ultrasonic sensor measures
the distance from the laser sensor to the water surface. Scheme not
to scale.

BED EVOLUTION MEASUREMENT WITH FLOWING WATER
where the ratio �w/�a between the refractive indexes of water and
air is approximately equal to 1.33.Observing that thewater depth
D is given by

D ¼ hm �Mð Þtan θið Þ
tan θrð Þ (3)

the correction c eventually reads

c ¼ D � hm þM (4)

This correction, hereinafter denoted as geometrical correction,
is finally used to calculate the actual elevation hr0:

hr0 ¼ hm þ c (5)

Taking advantage of the measuring principle just described, a
measuring device has been set up consisting of a triangulation
laser sensor and an ultrasonic level transmitter, working simulta-
neously as they are moved above the investigated underwater
surface by a two-axis positioning system. It must be noted that
to assure a water surface measurement M close to the measured
bed point, during the assembly of the two devices their distance
R should be minimized.
Tests

In order to check the accuracy and the applicability of the
proposed measuring device, several tests were preliminarily
performed.
Copyright © 2012 John Wiley & Sons, Ltd.
A first series of tests consisted of measuring the elevation of a
rough bed overtopped by either still or flowing water in a 10m
long and 0.4m wide rectangular flume with a slope of 0.5%.
The bed was formed by a layer of sand, with a mean diameter
d50 = 0.45 mm, glued to the flume bottom in order to simulate
the profiling of a typical sandy bed. Several different uniform
flow conditions (a number equal to 236) were examined by
varying the flow depth, D, and the bulk water velocity, U.
The investigated water depths, falling in the range [5–100] mm,
are typical of conditions that can be rarely sampled through
non-invasive automated profiling instruments. For a given
water depth, a flow velocity was chosen such that the Froude
number of the current, Fr ¼ U=

ffiffiffiffiffiffiffi
gD

p
(with g the gravity

constant), varied in the range 0–2.1. It is worth noting that
although in movable bed experiments the overall Froude
number is usually lower than one (Yalin, 1971), it can locally
attain values greater than one, thus implying the presence
of capillary waves and disturbances on the water surface,
causing the angle θi and θr to vary with time and disturbing
the acquisition of the water surface elevation by the ultra-
sonic probe.

A second series of tests, carried out in a 7m long and 30 cm
wide horizontal flume made of Plexiglas, aimed at investigating
the performance of the device both under still-water conditions
and with a time-varying water surface elevation, a condition
typical of experiments involving tidal environments. In particu-
lar, the water level was allowed either to progressively increase
horizontally or to vary as a consequence of the propagation of a
positive/negative wave.

In both series of tests the bed elevation at a given location
was sampled through the experimental device described in
the previous section, taking into account the correction given
by Equation (5). In the case of both still- and flowing-water
tests, the values of hr0 thus determined were compared with
those obtained in the absence of water, which are assumed to
represent the actual bed elevation, H. In order to obtain a suffi-
cient number of measures for a consistent calculation of the
mean error and its standard deviation, the absolute measure-
ment error e= hr0�H associated with a specific still-water test
was measured 100 times.

In the following we present separately the results obtained
in the validation tests carried out under different conditions,
analyzing the related errors. The technical specifications of
the triangulating laser and the ultrasonic level transmitter used
in the two series of runs are reported in Table I.
Still-water tests

In these runs, carried out under still-water conditions and
hence in the absence of disturbances due to surface waves,
the water depth ranged from 5 to 100mm and the acquisition
time was set to 0.5 s, a value sufficient to obtain a stable
measurement. Figure 3 shows the absolute error es=hr0�H
for different water depths and for rough and smooth bed condi-
tions. It clearly appears that, despite the use of the geometrical
correction (5), a residual error exists which increases
(decreases) with the depth D under rough (smooth) bed condi-
tions, varying in the range 0.5–2.5mm (1.0 to �1.0mm). Such
dependence on D is well represented by a second-order
polynomial interpolation of the form

es ¼ a1D
2 þ a2D þ a3 (6)

with a1 = 0.00023, a2 =� 0.00544, and a3 = 0.87584, ensuring
a good fitting (R2 = 0.91) in the range 0<D< 100 mm for rough
Earth Surf. Process. Landforms (2012)



Table I. Technical specifications of the adopted instruments.

LASER a

Model MEL-400
Range � 200mm
Reference distance 680mm
Linearity error 900mm
Resolution 300mm
Spot diameter 4mm
Distance laser-receiver 151mm
Laser wavelength 675nm

SONAR a

Model Honeywell-946
Range 60 � 500mm
Beam angle 5∘

Analogue output 4 � 20mA

LASER b

Model Fae-LDE HS-500
Range � 500mm
Base distance 125mm
Linearity error 0.5mm
Resolution 0.05mm
Spot diameter 2mm
Distance laser-receiver 31mm
Laser wavelength 660nm

SONAR b

Model Fae-A18-500
Range 60 � 500mm
Beam angle 8∘

Analogue output 4 � 20mA

aSmooth Plexiglas bed test.
bRough sandy bed test.
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Figure 3. The absolute error es of the measurements carried out
under still-water conditions is plotted versus water depth D. Black
circles refer to tests carried out on sandy bed (d50 = 0.45 mm);
white and white-dot circles refer to tests carried out on Plexiglas
bed by either varying H or keeping it constant. Continuous and
dotted lines denote the relative polynomial interpolation provided
by Equation (6).
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igure 4. The absolute error es versus water depth D is plotted for the
sts carried out on a coarser sandy bed (d50 = 2 mm) under still water.
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bed conditions. A reasonable, although lower, fitting (R2 = 0.68)
is obtained under smooth bed conditions by setting a1=�0.0002,
a2=�0.0017, and a3=1.0011.
The relatively small differences in es emerging from still-

water experiments can be ascribed to both the nature of the
bed subject to measurements (a rough sandy bed and a smooth
Plexiglas bed) and, possibly, the different features of the single
instruments composing the experimental devices used in the
two series of tests (see Table I). Some additional tests have been
devoted to studying the influence of different sand mixtures on
Copyright © 2012 John Wiley & Sons, Ltd.
the errors. Figure 4 reports the absolute errors obtained in the
measurement of a coarser sandy bed (d50=2 mm) under still-
water conditions. A slight increase of es with respect to the previ-
ous sand granulometry is evident (see Figures 3 and 4). This is due
to a greater dispersion of the reflected beam on the coarser
surface. In this case the following fitting parameters result:
a1 =� 0.0115, a2=0.3908, and a3 =0.1277, providing R2 =0.95.

In any case, the error can be further reduced by a simple cali-
bration procedure based on a fitting of the form in Equation (6).
This calibration, takes less than an hour and significantly improves
the accuracy of bed profiling. Assuming that D=hr1�M and
recalling Equation (5), the estimated elevation hr1 =hr0� es
resulting from this calibration yields

hr1 ¼ hm þ c � c1 (7)

where the calibration correction c1 is given by

c1 ¼ a1 hr1 �Mð Þ2 þ a2 hr1 �Mð Þ þ a3 (8)

The absolute and the relative errors in still-water measure-
ments provided by this calibration are approximately zero. Such
calibration must be carried out for each different laboratory
environment in order to consider different measurement devices
and sand granulometries.

Theoretically, no calibration should be needed, but in practice
some factors can, however, lead to the error es: typically, the
attenuation of the laser beam in the water (which causes an
increase in the absolute value of the error with water depth),
the influence of sand type on the reflected laser beam, the inac-
curacy in the estimation of the distance L between the emission
and the receiving point of the laser device, and the unknown
(but inevitable) vertical displacement between the laser and the
ultrasonic sensor.
Flowing-water tests

The absolute error under flowing-water conditions has been
determined taking advantage of both geometrical (Equation (4))
and calibration corrections (Equation (8)), namely ef=hr1�H,
where hr1 is found by solving Equation (7). Figure 5 reports the
plot of ef as a function of the flowing water depth, for different
F
te
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Figure 5. The absolute error ef obtained applying both the geometrical and the calibration corrections is plotted versus the flow depth D for the
experiments (236) carried out under flowing water and sandy rough bed conditions. Each dot represents the mean of 100 independent measures
and the bar represents the lower and upper standard deviation ranges. The ranges of Froude number Fr characterizing the various runs are also
pointed out in the plot.

igure 6. Enlargement of Figure 5 in order to show the absolute error ef
the ranges 0<D<100 mm with Fr2 [0, 0.4] (a) and 0<D<50 mm

with Fr2 [0.4,0.9] (b).
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values of Froude number. It clearly appears that both the mean
value and the standard deviation (quantified by vertical bars) of
ef increase with D. This is due to the fact that the calibration
described in the previous subsection corrects only the water
depth-dependent errors detectable in still water.When the stream
flows, new depth-dependent errors occur that are mainly due to
the free surface fluctuations (e.g. capillary waves). In particular,
it should be noted that, for a given Froude number, an increase
in the water depth entails an increase in the celerity and ampli-
tude of surface wave, and therefore further disturbances in the
measure. Similarly, for a given depth the absolute error increases
with Froude number. This is related to an increase in the
laser beam absorption of water at high flow velocities due to
turbulence (see also Henning et al., 2009).
The poor correlation between ef and D shown in Figure 5

prevents the determination of a significant relationship of ef as a
function of D (as done for es). In order to identify an acceptable
working range we require that

ef � std efð Þj j≤ds (9)

where ds is a typical size of the sediment composing the bed. It
clearly appears that in the tests carried out with a sandy bed an
acceptable precision is attained for D<50-60 mm by assuming
ds=1 mm ’2d50. It is important to note that the absolute error
tends invariably to satisfy Equation (9) for smaller values of D.
In the 236 tested flow regimes, two working ranges can be

noted: condition (9) is satisfied for 0<D<100 mm with Fr
[0, 0.4] and for 0<D<50 mm with Fr2 [0.4, 0.9]. These cases
are focused on in Figure 6. They are just the optimal experi-
mental conditions for which the device is designed: i.e. (i)
when the flow depth is such that a non-intrusive bed-profiling
device is needed to avoid undesired perturbations of the flow
field and bed shape, and (ii) in subcritical flow regimes, which
usually characterize morphodynamic experiments.
Figure 7 reports the magnitude of the corrections factors c

(panel (a)) and c1 (panel (b)) in the working range Fr2 [0, 0.4]
and it shows that although the geometrical correction c attains
larger values (up to 25mm), the calibration correction c1 (falling
in the range 0.8–2.5mm) is necessary in any case to obtain the
required accuracy. Similar results are obtained for the working
range corresponding to Fr2 [0.4, 0.9].
Copyright © 2012 John Wiley & Sons, Ltd.
All the results described so far have been obtained with an
acquisition time of 0.5 s and a sampling frequency of 40Hz. It
has been observed that doubling this time does not apprecia-
bly improve the measuring precision: indeed, even though
the standard deviation of the absolute error tends slightly to
decrease, the ratio of the absolute errors obtained with an
acquisition time of 0.5 s and 1 s is distributed around 1. More-
over, it turns out that doubling the sampling time does not
imply a widening of the optimal working range. We then
conclude that a sampling time of 0.5 s is large enough to
F
in
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Figure 7. The geometrical and calibration corrections, c and c1, are
plotted versus the water depth in the working range 0<D<100 mm
with Fr2 [0, 0.4].
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eliminate the measurement noise and, as will be discussed
in detail below, sufficiently small to perform measure-
ments on a timescale much lower than that characterizing
the morphodynamic evolution of movable bed laboratory
experiments.
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Figure 9. The absolute error ef, obtained applying both the geometri-
cal and the calibration corrections, is plotted versus the flow depth D
(lower panel) for the experiments carried out on a Plexiglas bed, in
the presence of a negative wave leading to a progressive decrease of
the water level (upper panel).
Moving-water surface tests

This second series of tests have been carried out by generat-
ing either a positive or a negative water-level wave in the
previously described Plexiglas flume. A horizontal flume
bed and a constant flow discharge of 0.005 m3s� 1 were
adopted in all tests. The flow depth at the monitored location
is depicted in the upper panels of Figures 8 and 9. The water
level is progressively rising (falling) in the case of a positive
(negative) wave and hence the sampled water surface
exhibits a negative (positive) slope in the flow direction – a
common condition in tidal morphodynamic experiments.
The sampling frequency, 20Hz, was high enough to collect
an amount of data sufficient to account for the variations in
water depth.
The absolute errors ef, reported in the lower panels of Figures 8

and 9, are generally within the ranges [� 0.6, 0.1] mm and
[� 0.6, 0.2] mm, respectively. Larger errors are observed in the
initial phases of the tests, when some spurious oscillations due
to the initial operations required to produce a positive (negative)
wave occur. This result is consistent with the relatively low
Froude numbers ([0.01, 0.05]) attained in the moving-water
surface tests.
It is worth observing that the rate of change of the water

surface (of the order of 1 cm s� 1) considered in the tests is
quite high with respect to the flow depth variations analyzed
in tidal morphodynamic experiments, where the amplitude
Copyright © 2012 John Wiley & Sons, Ltd.
F
c
(l
th
and the period of the tidal wave are of the order of a few
centimeters and a few minutes, respectively. It follows that
experiments in tidal environments, such as those described
in section 4.1, are generally characterized by relatively smal-
ler errors.
Earth Surf. Process. Landforms (2012)
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Some remarks

The preliminary series of tests described in the previous sections
have been carried out with reference to fixed bed conditions by
considering a sampling frequency of 40 and 20Hz, respectively.
Clearly, the acquisition frequency has great importance when a
fast-evolving sediment bed has to be profiled. In fact, an advan-
tage of laboratory movable bed experiments is a significant
acceleration of bedform growth andmigration, as well as erosion
and deposition processes. For example, the order of magnitude of
the migration celerity of a dune in flume experiments is of the
order of a few centimeters per minute (Giri and Shimizu, 2006)
and of a few meters per day in the field (Carling et al., 2000).
It follows that a suitably high sampling frequency is required

to monitor relevant bed deformations in morphodynamic
experiments. On the other hand, the acquisition time should
be longer than the timescale typical of measurement perturba-
tions (e.g. the timescale of surface waves) to minimize the
measurement noise. The correct sampling frequency should
then be properly chosen depending on the particular problem
to be investigated.
Moreover, it is important to verify that the instrument work-

ing ranges declared by the device manufacturer are followed
even when bed and water level fluctuations occur. Therefore,
such fluctuations should be estimated (even roughly) when
laser and ultrasound devices are chosen.
It must be noted that, given the high sampling rate with respect

to the celerity of the sediment waves, during any single measure
the laser sensor and the ultrasound ‘see’ a static bed and water
surface configuration. It follows that the high accuracy observed
in the previous tests has to be expected also in the applications
described in the next section, where mobile beds are scanned.
Finally, no look-angle problems arose during the measure-

ments of complicated topography similar to those shown in the
following section. Rather, this is a problem that may be encoun-
tered using photogrammetric techniques (Lane et al., 2001).
Applications

Tidal channel evolution in a schematic lagoon

The first example of the proposed bed-profiling methodology
concerns the laboratory experiments carried out in a schematic
lagoonal environment subject to tidal forcing (Stefanon et al.,
2010). The experimental apparatus consists of two adjoining
basins reproducing the lagoon and the adjacent sea, respectively.
The lagoon basin is 5.3� 4.0 m wide, while the much deeper
adjoining sea basin is 1.6� 4.0 m wide. At the beginning of a
given experiment the bottom of the lagoon was uniformly
covered with a 30cm layer of cohesionless plastic grains, with
a density of 1041kg m� 3 and a median grain size, d50, of
0.8mm. The lagoon inlet is located in the middle of a barrier of
wooden panels separating the lagoon from the sea. In front
of the inlet a shelf enables reproduction of the gentle slope
of the sea bed. The tide is generated at the sea by a vertical
steel sharp-edge weir, oscillating vertically. The water con-
tinuously flowing over the weir is collected in a separate
tank, where a set of pumps recirculates the flow. Ad hoc soft-
ware has been implemented to drive the weir, allowing
reproduction of a sinusoidal tide of fixed amplitude and
period, oscillating around a prescribed average level. The
software continuously corrects the motion of the weir
on the basis of a feedback instantaneously controlled by
water-level measurements carried out at sea through an
ultrasonic probe (see Table I). A computer-driven frame is
used to survey bottom elevations within the lagoon. The
Copyright © 2012 John Wiley & Sons, Ltd.
apparatus consists of a triangulating laser system (see Table I),
which measures bottom elevation, coupled to an ultrasonic
probe which simultaneously gages the associated water
level. The latter measurement is used to determine the local
flow depth and to correct laser measurements from refraction
effects induced by the presence of water, according to
Equation (7).

In particular, the data provided by the profiling device consist
of four column arrays containing the coordinates of the sampling
point on an (x, y) horizontal reference plane and the distances hm
and M. The estimated bed elevation z is determined by
processing the data through a Fortran code which implements
Equations (3)–(5) and (6)–(8). The sampling interval in the plane
(x, y) is 1�1 cm. The (x, y, z) data are then interpolated linearly
through a Matlab program, eventually obtaining the distribution
of bed elevations reported in Figure 10. It appears that the
adopted bed profiling methodology provides a clear and accu-
rate picture of the morphological evolution of the tidal channel
network evolving through the lagoon, without stopping the
experiment and hence avoiding undesired spurious perturbations
of the bed topography.

In order to estimate the absolute error of the measurements, a
number of specific tests were carried out in the schematic
lagoon, focusing attention on the neighborhood of the inlet,
where the bed was more active (see Figure 10). Starting from
an initial configuration characterized by a bedload transporting
bed, covered by slowly migrating sediment waves, the water
level was progressively raised until still-water conditions were
attained. Figure 11 shows an example of the bed profiles at
two different bed sites (a and b), surveyed under the initial
transporting conditions and the final still-water conditions.
The differences between the bed configurations measured
under these different hydraulic conditions are relatively small,
the mean square root being of the order of 1–2mm at both sites.
These differences, although being in part related to the bed
changes taking place during the transitory phase between the
initial transporting flow field and the final still-water conditions,
are of the same order of magnitude as the error associated with
the measuring device. An absolute error of the order of the
grain size is then expected when applying the present sampling
methodology to a loose sediment bed under either flowing-
water or still-water conditions.
Alternate bar morphology modifications under
variable flow

The second example of successful use of the proposed bed-
profiling instrument pertains to laboratory experiments aimed
at studying the effect of a variable flow on the morphodynamics
of a pseudo-meandering river. The results here reported concern
the quantitative measurement of the modifications induced by a
flow sequence on the alternate bars of the pseudo-meandering
channel (Visconti et al., 2010). The experiments were carried out
in a sediment-feed flume situated in the ‘G. Bidone’ Hydraulics
Laboratory at the Politecnico di Torino. The flume is 18m long,
4m wide, and is filled with a 60cm layer of sand. The upstream
end of the flume is connected to a water stilling tank, which
supplies the water discharge to the flume. Another tank collects
water and sediments at the downstream end. This tank is equipped
with amoving weir, which controls and regulates the downstream
water level during the experiments, and with a siphon that
removes the collected sand. A sand feeder supplies the upstream
bedload. It is made up of a mechanical hopper with a vibrating
panel that allows the sand discharge to be controlled. The sand
used for the experiments has a specific weight of 2650kg m� 3
Earth Surf. Process. Landforms (2012)



Figure 10. Distribution of bottom elevations measured in the experimental lagoonal apparatus after: (a) 133 tidal cycles; (b) 457 tidal cycles;
(c) 1144 tidal cycles; (d) 8244 tidal cycles. Elevations are referred to the initial uniform bottom elevation. The forcing tide, with amplitude 1.0 cm
and period of 8min, was oscillating around a mean level equal to the initial bed elevation.
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and a mean grain size D50=0.45 mm. The water discharge is
regulated by an electromagnetic valve that is controlled by a
computer, which allows different hydrographs to be generated.
A couple of a triangulating laser system and a sonar probe
were moved in a two-axis system by stepping motors (see
Figure 12). The horizontal positioning above the investigated
channel was acquired by two linear encoders with an accu-
racy of 0.1mm. The stepping motors that drive the instruments
on the evolving channel are controlled by an ad hoc Modbus
Figure 11. Comparison between a few transverse bed profiles mea-
sured under either flowing-water (dashed lines) or still-water (continuous
lines) conditions at two lagoon sites (a and b). The initial transporting
conditions where characterized by bedload transport and slowly migrat-
ing bedforms; the final still-water conditions where obtained by increas-
ing the water level relatively rapidly (in about 5min) until still-water
conditions established

Copyright © 2012 John Wiley & Sons, Ltd.
protocol. The four data arrays simultaneously acquired
(planimetric coordinates and measurements from the laser and
the ultrasonic probe) are both triggered and acquired trough
some LabView programs. The data which come from the laser
triangulation measurement are corrected according to the
procedures described in sections 2 and 3, and are used to obtain
3D views of the alternate bars during the different discharge
stages. The number of measurements along the transversal
sections and the number of transversal sections were optimized
in order to complete the scanning of the area before any
relevant bed evolution occurred. Usually, the scanning time
was about 3–4min. The bed configuration can therefore be
considered steady during the measurement of a 1 m2 area. Some
quantitative results of a bar evolution under an unsteady
1.2 m

igure 12. Photograph of the measuring device, consisting of the
iangulating laser, sonar probe and the movement axis, which is used
measure the bed evolution during fluvial experiments. The sketch

f the measured point is not toscale.
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Figure 13. Bedmorphology evolution in experiments concerning fluvialmorphodynamics. Panels (b), (c), and (d) refer to the bottom elevationmeasured
during the flow of discharge with different magnitudes (shown in panel (a)). In red is shown the floodplain, in blue the deep thalweg, and in green-yellow a
bar. Note the bank erosion on the left of panel (d), which is induced by the presence of the bar. Flow is along the x-axis orientation. The color bar represents
the elevation (mm) above an arbitrary datum. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

BED EVOLUTION MEASUREMENT WITH FLOWING WATER
discharge are shown in Figure 13. Suchmeasurements are funda-
mental for detecting erosion or deposition processes that are
driven by discharge variations. Such measurements cannot be
obtained by stopping the run and draining the channel, because
these operations would lead to undesired bar modifications
(being themselves a discharge variation). In addition, the low
mean water level (about 3–4 cm) hampers us in dipping a
measuring probe into the water.
Conclusions

We have proposed a new methodology for measuring bed
topography in laboratory tests characterized by a relatively
shallow layer of water flowing over a movable sediment bed.
The methodology is based on the contemporaneous and non-
intrusive measurements provided by a triangulating laser and
an ultrasonic level transmitter. It does not require the stopping
of the experiments, nor it induce spurious disturbances in the
observed flow field. Despite its high accuracy, the proposed
measuring approach is inexpensive, being the overall cost of
laser and ultrasound devices and of the movement system
(close to US $1500).
The still- and flowing-water tests, performed under quite

different hydraulic and bed roughness conditions, demonstrated
that the proposed methodology is accurate provided that a
geometrical correction (relation (4)) and a calibration correction
(relation (8)) are introduced. The former depends only on easily
detectable geometrical and physical quantities, while the
latter is obtained through a preliminary, relatively fast calibra-
tion (relation (6)), based on the fitting of a number of ad hoc
measurements.
We therefore deem that the present methodology can be prof-

itably used to gather accurate, non-intrusive and continuous
Copyright © 2012 John Wiley & Sons, Ltd.
measurements of bed topography inmorphodynamics laboratory
experiments reproducing either fluvial or lagoon flow conditions.
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